As the largest freshwater lake in China, Poyang Lake plays an important role in the ecosystem of the Yangtze River watershed. The high suspended sediment concentration (SSC) has been an increasingly significant problem under the influence of extensive sand dredging. In this study, a hydrodynamic model integrated with the two-dimensional sediment transport model was built for Poyang Lake, considering sand dredging activities detected from satellite images. The sediment transport model was set with point sources of sand dredging, and fully calibrated and validated by observed hydrological data and remote sensing results. Simulations under different dredging intensities were implemented to investigate the impacts of the spatiotemporal variation of the SSC. The results indicated that areas significantly affected by sand dredging were located in the north of the lake and along the waterway, with a total affected area of about 730 km 2 , and this was one of the main factors causing high turbidity in the northern part of the lake. The SSC in the northern area increased, showing a spatial pattern in which the SSC varied from high to low from south to north along the main channel, which indicated close agreement with the results captured by remote sensing. In summary, this study quantified the influence of human induced activities on sediment transport for the lake aquatic ecosystem, which could help us to better understand the water quality and manage water resources.
Introduction
As one of the most important factors of water environment variations, suspended sediment carries a large amount of pollutants, including nutrients and heavy metals, affecting the water turbidity, bottom elevation evolution and hydrodynamic process in the long term. The numerical model has been widely used to study the suspended sediment transport process, calibrating and validating the physical parameters, and analyzing the relationships between sediment transport, erosion, and sedimentation [1] [2] [3] [4] [5] [6] [7] . Human activities like sand dredging in the navigation channel and harbor, building artificial islands by dredger, and lifting sediment into water in the coastal zones have great impacts on the suspended sediment concentration (SSC) in an aquatic ecosystem [8] . These processes and influences can be described with the help of the numerical model [9] [10] [11] . At the same time, remote sensing technology, along with in-situ observations, has been widely applied to understand the spatial distribution of suspended sediment and monitor the dredging effects on the SSC at the spatial scale [12] [13] [14] [15] [16] . Considering that the numerical model is able to simulate the water flow and sediment transport in any spatial and temporal resolution, and reveal the physical mechanism when remote sensing is applied to monitor water and sediment at a low cost and at a large-scale, it is of great significance to combine the numerical model and remote sensing to study water flow and sediment transport scientifically [17] [18] [19] [20] [21] .
Poyang Lake, the largest freshwater lake in China, plays an important role in the local ecosystem and has received widespread attention. Nevertheless, the inundated area of the lake has shrunk sharply, and drought has occurred quite frequently in recent years [22] . There are many reasons for this, including economic development, human activities, and climate change. The SSC has been increased significantly and the water quality has severely deteriorated under the influence of extensive sand dredging, which is having a serious impact on the natural environment, and on living and production around the lake [7, [23] [24] [25] [26] . The distribution pattern and spatial-temporal variations of SSC in the surface waters was explored using satellite images [27] [28] [29] [30] , and the potential relationship between the SSC and number of dredging vessels could be explained the dredging impacts on the sediment budget assessments in Poyang Lake [23, 31] . The Poyang Lake has suffered intensive sand dredging, while the water has been disturbed, leading to extremely high turbidity. However, the impact mechanism of sand dredging on the suspended sediment concentration in Poyang Lake has not yet been well investigated.
In this study, we aimed to understand the temporal-spatial impacts of sand dredging activities on suspended sediment transport in the Poyang Lake, and a hydrodynamic integrated suspended sediment transport model was employed. The models were used to simulate the sand dredging impact on the sediment transport process continuously, using historical meteorological and hydrological data along with bottom topological data. The simulated hydrodynamic results were validated by the observed data at hydrology gauging stations. Based on the hydrodynamic model, a two-dimensional sediment transport model of Poyang Lake was developed considering sand dredging activities detected from satellite images. Finally, contrastive scenario simulations were implemented to analyze the spatiotemporal variation characteristics of SSC under different intensities of sand dredging. The impacts of sand dredging on the spatiotemporal distribution pattern of SSC were investigated to help us understand water quality variation under intensive human induced activities.
Study Area and Data
The Poyang Lake (115°50′ E-116°50′ E, 28°00′ N-29°50′ N) is an important hydrological subsystem in the middle and lower Yangtze River, located in the north of central Jiangxi Province of China. Separated by Songmenshan Island in the middle of lake, Poyang Lake is geographically divided into two parts, including the narrow north lake and broad south lake ( Figure 1) . The lake has a storage capacity of 27.6 billion m 3 and an average water depth of 8.4 m [32] . As a unique inland freshwater lake, there is a high variability in the water level, and the inundation area fluctuates from less than 1000 km 2 in the dry season to over 3000 km 2 in the wet season [33] .
As the largest freshwater lake in China, Poyang Lake has abundant water resources, with five major tributaries flowing into the lake including Xiushui River, Ganjiang River, Fuhe River, Xinjiang River, and Raohe River. The hydrological data were collected daily from the discharging rivers, including at the Qiujin, Wangjiabu, Waizhou, Lijiadu, Meigang, Hushan, and Dufengkeng hydrology gauging stations. The discharges of these rivers drain into the lake by nine main estuaries, passing through the narrow channel in the north lake and flowing into the Yangtze River. The Yangtze River has a great impact on regulating the flow from the lake, and the discharges may reverse at times from July to September, with a frequency of 708 days in 45 years [34] .
Water quality has been reported to be declining in recent years in Poyang Lake. Suspended sediment is one of the major factors affecting the water quality. The mean SSC in the south lake was close to 20 mg/L, and slightly higher than 20 mg/L, in 2000, with a highest value greater than 60 mg/L in 2006; it was much higher in the north lake than the south lake [24] . In the most recent two decades, sand dredging has been rapidly increasing in the Poyang Lake since it was banned in the Yangtze River in 2001. Since then, sand dredging activities have been continuously carried out, though there was a ban on dredging in 2008, which has led to a significant increase in the SSC in the lake and serious negative impacts on the Poyang Lake ecosystem [33] . Figure 1 . The location of Poyang Lake, the inflow tributaries, and the hydrological and meteorological stations. The daily river discharge and water level data during 2011 to 2015 at different hydrology gauging stations were collected from the Yangtze River Water Resources Commission and Hydrological Bureau of Jiangxi Province. The water level and water flux records were collected at Hukou station, which is located at the junction of Poyang Lake and the Yangtze River. Meteorological data at Boyang meteorological station, representing the weather that occurred over the Poyang Lake, was collected from the China Meteorological Data Sharing Service System (http://cdc.nmic.cn/). Field observations were conducted from July 15 to 23 in 2011 to measure in-situ data, including the turbidity, water depth, and suspended sediment concentration (SSC) of 50 water samples ( Figure 2 ). Additionally, a satellite image Landsat ETM+ (Enhanced Thematic Mapper plus) was used to extract information on the sand dredging activities, in order to simulate the suspended sediment transport considering the effect of dredging activities during July 2011. 
Methods

Remote Sensing Image Processes
Due to the heterogeneity of the high turbidity in Poyang Lake, it is difficult to efficiently detect dredging vessels by remote sensing with moderate or low resolution. In order to solve this problem, a vessel detection algorithm based on 30 m resolution images acquired by Landsat ETM+ (Enhanced Thematic Mapper plus) in our previous study [26] was used here to monitor the sand dredging vessels, in order to simulate the suspended sediment transport considering the effect of dredging activities during July 2011. The optimal algorithm is sufficient, with an average detection rate of 87.6% for a large lake (>3000 km 2 in the wet season), to monitor sand dredging activities using medium resolution optical remote sensing images. The vessel detection algorithm provided an effective solution for monitoring sand dredging dynamics, as well as useful information for managing sand dredging in freshwater environments and assessing the potential impacts on aquatic ecosystems.
The temporal-spatial resolution of Moderate Resolution Imaging Spectroradiometer (MODIS) images allows monitoring of hydrology changes, the water field, and water quality at a large scale. The MODIS 250 m resolution daily reflectance products, MOD09GQ and MYD09GQ, were used to extract the water body and calculate the total inundated area for Poyang Lake from 2011 to 2015, to validate the hydrodynamic simulated results. Under the influence of cloud cover and sensor-induced noise, available data were limited to 196 images during 2011 to 2015. To extract the water body precisely, a simple normalized difference vegetation index (NDVI) with the threshold method [35] , aided by visual interpretation, was used. Additionally, the MODIS surface reflectance products were collected to derive the SSC distribution, to verify the model results during the simulated time using an empirical method proposed by Cui et al. [24] , in which an exponential model of the MODIS Aqua red band was applied to estimate SSC from MODIS Aqua images in this study.
Hydrodynamic-Sediment Transport Model Setup for Poyang Lake
In this study, the Delft3D numerical modeling system developed by WL Delft Hydraulics in the Netherlands [36] , which has been successfully applied in aquatic environment system simulations like hydrodynamic processes, sediment transport, and water quality, was used to set up the hydrodynamic model of Poyang Lake. This model system includes several modules, including flow, sediment, morphology, particle tracing, and orthogonal curvilinear coordinates in the horizontal direction. The Delft3D system has been developed for the modeling of unsteady water flow, temperature, salinity, and cohesive/non-cohesive sediment transport in shallows seas, estuarine and coastal areas, and rivers and lakes [37] . The Delft3D-Flow module performs hydrodynamic calculations by solving continuity and horizontal momentum equations for given initial and boundary conditions in two or three dimensions [38] . The Delft3D-Online is integrated with the Delft3D-Flow module, which enables the calculation of the fine sediment transport model by the twodimensional advection-dispersion equation. The two dimension sediment transport can be described as Equations (1)-(3):
where Dx, and Dy are the diffusion coefficient in the x and y direction; h is the water depth; c is the sediment transport volume; E is the erosion rate; D is the deposition flux of suspended matter; M is the erosion rate; τb is the bed stress; w is the settling velocity of suspended matter; τe is the critical shear stress for erosion; and τd is the critical shear stress for deposition. The largest area of water body was chosen to delineate the land-water boundary among the derived results with MODIS images from 2011 to 2015. The study area was divided into about 19,000 orthogonal curvilinear grids with the resolution ranging from 300 to 500 m, and the bottom elevation was interpolated over the cells using a grid cell averaging method. The measured daily discharges of the five major incoming tributary rivers divided into nine estuaries were set as the upstream boundary conditions. Considering that Ganjiang is divided into four branches, the discharges of four estuaries were allocated by the daily measured total discharge of Waizhou station by different ratios [39] . The downstream boundary condition was set as the observed daily average water level at Hukou station. The observed water level of Duchang station, located in the middle of Poyang Lake, was set as the initial water level of the whole lake, and the initial velocity was set to zero. The time step was set to 5 min, considering the Courant-Friedrichs-Lewy (CFL) condition and computing costs. Detailed parameter configurations can be found in our previous study [38] . Based on the flow model, the suspended sediment transport model can be applied. The observed daily sediment load of the corresponding hydrological stations of five major incoming tributary rivers were added into the upstream boundary from July 1 to 31, 2011, as well as the sediment load of four branches of Ganjiang, which were allocated by ratios that were the same as the flow model above. Except for the water level, the sediment runoff could be set as 50 mg/L and the initial suspended sediment concentration could be set as zero, referring to the previous study [40] .
The sand dredging activities have been so extensive that their effects on the suspended sediment transport cannot be ignored in Poyang Lake. The Landsat ETM+ satellite images could be used to detect the location of dredging areas and dredging vessels [26] . Several sand dredging areas were recorded during field observations from July 15 to 23, 2011. Using a Landsat image on July 4, 2011, three main sand dredging areas and dredging vessels were detected ( Figure 3 ). Area A is located in the north of Songmenshan Island, with five dredging vessels, area B is located in southeast of Songmenshan Island, with four dredging vessels, and area C is located in the northwest of Tangyin, with eight dredging vessels. Considering that the SSC in the dredging center is 150 mg/L when the dredging power reaches 5500 m 3 /h [41] , and the fact that the dredging power is about 10,000 t/h in Poyang Lake and the measured SSC is 277.4 mg/L around the dredging area, the SSC in the dredging center could be set as 300 mg/L in the simulation for a single dredging vessel. As the size of a grid cell was larger than the resolution (30 m) of the Landsat ETM+ images, there were often several dredging vessels in the same grid cell. To simplify the model properly, a single point source of suspended sediment was configured to simulate the total effect of dredging vessels in the same grid cell and dredging area, with corresponding SSCs of 1500, 1200, and 2500 mg/L in dredging areas A, B, and C, which was consistent with the different intensities of the dredging areas in 2011 [26] . This assumed that those dredging vessels worked at the same location and had the same working hours from 8:00 to 18:00 every day during July 1 to 31, 2011. To analyze the effect of sand dredging on the SSC, another scenario was also simulated under the same conditions without dredging. 
Results and Discussion
Hydrodynamic Model Validation
The observed water levels at the Xingzi, Duchang, and Kangshan hydrology gauging stations were used to validate the simulated water level by the Poyang Lake hydrodynamic model. The simulated water levels showed close agreement with the observations at the three gauging stations (Figure 4 ). The coefficients of determination (R 2 ) of the results at Xingzi, Duchang, and Kangshan were 0.996, 0.989, and 0.885, respectively, and the root mean square error (RMSE) varied from 0.26 (Xingzi) to 0.63 m (Kangshan), while the respective error (RE) was 1.80%, 2.12%, and 3.35%, indicating that the Delft3D model has the capability to catch the high-dynamic changes in water levels of Poyang Lake. The results also showed lower accuracy during the annual dry period, the reason for which may be as follows: (1) the shorelines changed from a lake into a river channel during the dry period on account of water recession, and the hydrodynamic characteristics changed a lot while the model parameter conditions remained the same as during the previous wet period, meaning the uniform model condition may result in more error during the dry period, or (2) To explore the water exchange process between Poyang Lake and the Yangtze River, simulated discharges at the Hukou station from 2011 to 2015 were calculated ( Figure 5 ). The simulated results were in reasonable agreement with the measured data at Hukou, with an RMSE of 1557.83 m 3 /s, R 2 of 0.869, and RE of 18.70%. Further, the blocking effect and flow backward phenomenon of the Yangtze River was caught during the wet periods. Based on the daily measured water level at Duchang station, located in the middle of Poyang Lake, and combined with the simulated results, the maximum and minimum inundated area, corresponding time of model and MODIS, the water level on the day, and the ratio of maximum and minimum area can be calculated. The maximum inundated area occurs in the wet period, mainly in June or July, while the minimum area occurs in the dry period from December to February. The simulated ratios of the maximum and minimum area are close to those derived from MODIS images, with the largest of 4.25, which reflects the high-dynamic changes of the water field of the lake. The result of a large inundation area change rate was similar to the findings by Feng et al. [21] . Figure 6 shows the comparison of the maximum and minimum inundated area of the model results and those derived from MODIS images. In general, the maximum and minimum inundated areas show similar morphology and water distribution of Poyang Lake-the shape of the lake is almost full in the wet period and a river with some lakelets scattered around occurs in the dry period-indicating the annual high-dynamic changes of the lake. In the south of Songmenshan Island, close to the estuary of Xiu River and Ganjiang River, a water body exists in the simulated results but not in the MODIS images, which may be due to the simple NDVI threshold used to extract the water field in the satellite images. The spectral characteristics in those mud areas near the estuary differ from a natural water body like the main lake, causing errors in the extraction with NDVI. In addition, there was a good consistency between the model simulated water area and the MODIS extracted results (Figure 7) , with an RMSE of 283.47 km 2 , R 2 of 0.829, and RE of 15.90%, suggesting that the calibrated model could be further employed in suspended sediment transport simulation. 
Simulation of Sand Dredging Effects on the Suspended Sediment Concentration
The SSC, simulated with/without sand dredging, was also validated by 50 samples of in-situ observation during the cruises of July 15 to 23 July, 2011 (Figure 8 ). When sand dredging activities were ignored in the simulation, there were large deviations between the simulated results and the insitu observed data. For some samples, like Site 18, 20, 24, and 25, the SSC values observed were higher than 100 mg/L but much lower in the model without dredging, and increased a lot to a level close to the measured values in the dredging model. After integrating the sand dredging into the model, the simulated results were improved, with an R 2 of 0.831 and RMSE of 15.5 mg/L, which were validated against the observed data. The results show the simulation of the SSC in Poyang Lake could be made more effective by considering sand dredging activities.
Three main dredging areas showed different effects on the samples in different zones of the lake (Figure 2 ). Sites 1 to 17 were located in Zone Ⅰ, namely the long and narrow channel in the north of the lake, where upstream suspended sediment transport affected the SSC here synthetically. Sites 18 to 25 were located in Zone Ⅱ, close to the dredging areas A and B, where the SSC increased greatly under the influence of dredging. However, the SSC showed a stable trend in Zones Ⅲ, Ⅳ, and Ⅴ, which were located in the upstream of a dredging area or in the south main lake with the obstruction of Songmenshan Island. Using the SSC results derived from cloud free MODIS satellite images on July 4 and 20, 2011, the SSC simulated by the suspended sediment transport model with or without sand dredging could be compared (Figure 9 ). In the model without dredging, the SSC of the lake was low in general, with a maximum of about 80 mg/L in the north. The spatial pattern varied from the results derived from MODIS. After sand dredging was considered, the SSC in the northern area increased, with a spatial pattern of the SSC which varied from high to low from south to north along the main channel, indicating a close agreement with the MODIS derived results. Around the center of the dredging activities, the SSC showed abnormally high values-much higher than those retrieved from remote sensing. The potential factors affecting this may include the following: (1) the grid size was much larger than the resolution of the Landsat images (30 m) used to detect sand dredging vessels, which meant that there were several vessels in the same grid to be simulated as a single point source of suspended sediment. Hence, the aggregation of multiple dredging vessels caused a high SSC for the center grid cell in the dredging areas, and using fine grid cells to represent multiple vessels in a cell may eliminate the abnormally high SSC in the center of dredging, or (2) the corresponding relationship and calculation of dredging power and point of SSC referenced could be closer to the Poyang Lake regionally, and improved to give more accurate simulations. 
Spatial and Temporal Impacts of Dredging on the Suspended Sediment in Poyang Lake
To investigate the affected area and variation of the spatial pattern quantitatively, the maximum increment of the SSC was defined as the difference between the largest SSC in stable status with dredging and the SSC in normal status with no dredging. The spatial distribution of the maximum increment of the SSC under different dredging intensities is presented as Figure 10 . Generally, the maximum increment of the SSC caused by sand dredging varied from large to small from south to north, upstream near the dredging area to downstream along the channel. Additionally, it increased relatively with dredging intensity. Specifically, the maximum of the SSC near the center of the dredging areas reached about 70 mg/L when the dredging intensity was 300 mg/L (single dredging vessel). The maximum increment of the SSC in the north of the lake increased dramatically, especially in the center of the waterway channel, with a maximum of 300 mg/L under a dredging intensity of 1500 mg/L (five dredging vessels). Although fluctuation existed in the water area of different concentrations, the total area affected under these different dredging intensities was stable to an extent across an area of 730 km 2 .
Considering that the suspended sediment is transported with the water flow from dredging centers to downstream in the waterway channel in the north of the lake, the sediment diffused slightly from the dredging center, causing a slight increase of the total affected area. This suggested that sand dredging in these three dredging areas showed nearly no effects in the south of the main lake and river inlets, but huge effects in the north of the lake, including the area west of Tangyin station, north of Songmenshan Island, the waterway channel, and the outlet to the Yangtze River, which was one of the main reasons for high turbidity water in the northern lake. From south to north along the main channel, five points of interest (POIs, a, b, c, d, and e) were chosen for further exploration of the effects of dredging on the SSC. Figure 11 shows the maximum increment of the SSC and the recovery time to normal status for the five POIs under different dredging intensities. In general, there were similar SSCs for all the points when the dredging intensity was 150 mg/L, but it increased gradually along with the dredging intensity, showing a spatial pattern of the maximum increment of the SSC varying from large to small from south to north along the channel. However, the recovery time to normal status of the points showed a relatively opposite trend of the maximum increment of the SSC, which varied from short to long from south to north along the channel. This suggested a positive correlation between the maximum increment of the SSC and the dredging intensity, as well as a relationship between the recovery time and the dredging intensity. The closer to the dredging area the POI was, the larger the maximum increment at the POI, and the recovery time was longer downstream than upstream. Specifically, there was a similar level of SSC and trend line at the POIs b and c, but the recovery times were varied. The reasons for this may be the following: (1) the POI b was close to dredging area A and was heavily influenced, while the POI c was further away from the center of the dredging area but was influenced by dredging area A combined with area B, resulting in a similar maximum increment variation as POI b; (2) from the perspective of the velocity field simulated in the north of the lake (Figure 12 ), the depth averaged velocity in the narrow channel (in POI b) was much larger than in the open water area (in POI c), indicating a larger diffusion rate in this area, meaning water exchange occurred more quickly with the upstream discharge than in open water for the SSC under the influence of sand dredging activities. Therefore, the high turbidity induced by sand dredging would quickly recover to normal status in this narrow channel in the case that sand dredging stops. The recovery time to normal status for Huamiao lakelet, together with the simulated velocity field, is shown in Figure 13 . The recovery time to normal status exceeded 18 days and was longer in the northern lakelet. According to the velocity field that was simulated, the water flow rate was much slower here, and the velocity was lower than 0.1 m/s for most of the grid cells, decreased gradually from open water to the lakeshore, forming a closed annular flow field separated in the bay. This means a low exchange rate for water flow, and also a low diffusion rate for the SSC, resulting from sand dredging activities. As with the recovery time for the SSC to normal status after sand dredging stopped, the water age could be used to describe the characteristics for the water residence and transport process. Li et al. indicated a lower exchange rate and a longer time for water residence with a greater water age, and vice versa [42] . Qi et al. simulated the spatial and temporal distribution pattern of the water age of Poyang Lake based on a hydrodynamic model named EFDC in 2011 [43] . It showed that it is difficult for the suspended sediment to diffuse in an area with a higher water age. Compared with the distribution of the water age in the Huamiao lakelet, the time to recover to normal status for the SSC after sand dredging stopped varied from short to long from the open water to the lakeshore. Additionally, the water age of the northern lake presented an increasing trend, which was in good agreement with the spatial pattern of the recovery time for the SSC in the north of the lake.
Conclusion
The main purpose of this study was to reveal the characteristics of hydrodynamic variations and their impacts on the SSC, caused by sand dredging activities at the spatial and temporal scale, in Poyang Lake, the largest freshwater lake with high turbidity in China. With the help of remote sensing technology and numerical simulation, a sediment transport method integrated with sand dredging was built for the Poyang Lake, considering the sand dredging activities. The hydrodynamic process was well validated against observed data and remote sensing results, showing the dramatic changes of the inundation area in the dry and wet seasons annually and inter-annually. Both the numerical model and remote sensing have the capability to observe the high-dynamic changes in the hydrologic regime of the lake.
Integrated with the validated hydrodynamic model, the two-dimensional sediment transport model was employed with consideration of sand dredging activities detected from Landsat images. Based on the observed data and remote sensing results, the sand dredging areas were determined to set up scenario simulations. This is a feasible way to monitor dredging activities with a moderate resolution. The simulation of the SSC, which indicated close agreement with the MODIS derived results, could be more effective by considering the dredging activities in Poyang Lake. Further explorations of spatiotemporal variations of the SSC were conducted with the help of corresponding scenario simulations designed under different dredging intensities. The three main dredging areas showed nearly no effects on the SSC in the southern main lake, but notable effects in downstream areas in the north of the lake, with a total affected area of 730 km 2 .
The dredging activities were one of the main factors causing high turbidity in the north of Poyang Lake. The proposed suspended sediment transport model integrated with sand dredging was proven to effectively simulate the influence of dredging activities quantitatively, which improved the model accuracy for human induced high turbidity. However, because of difficulty quantifying sediment release from the pump during sand dredging, the dredging intensities were approximately estimated by the number of dredging vessels, and then integrated with the sediment transport model with scenario simulations of different intensities in this study. In fact, this study demonstrated that the proposed method enables us to evaluate the impacts of dredging activities on the suspended sediment pattern at the spatial and temporal scale. In the case that the monitoring instrument is equipped on the dredging pump, the real time sediment release into the water could be observed as a point source of sediment integrated into the model. This study provided an analysis tool to understand water quality under an intensive impact of human activities for water resource management. 
